Abstract Increased metastatic and angiogenic potentials of aggressive human colon carcinoma cells were verified in independent chick embryo models by comparing in vivo highly metastatic SW620 colon carcinoma cell line with its isogenic, non-metastatic SW480 cell variant. In the experimental metastasis model, both cell types rapidly arrested in the chorioallantoic membrane (CAM) vasculature as demonstrated by quantitative PCR and immunohistochemistry. Live cell imaging also indicated that both SW620 and SW480 cells efficiently extravasated from the CAM capillary system. However, only few SW480 cells were present in the CAM tissue after 24-48 h. In contrast, the numbers of SW620 cells increased exponentially, indicating proliferative and survival advantages of metastatic colon carcinoma cells in vivo. Multicellular SW620 foci were identified in close proximity to CAM blood vessels. A positive correlation between increased metastatic ability and VEGF-expression of colon carcinoma SW620 cells was demonstrated by the substantial inhibitory effects of anti-VEGF treatment on the levels of metastatic colonization and density of blood vessels adjacent to tumor cell foci. Furthermore, the chick embryo angiogenesis model confirmed high levels of VEGF-dependent angiogenesis induced by SW620 cells, but not SW480 cells. Thus, chick embryo experimental metastasis and CAM angiogenesis models appear to coordinately reflect critical features of advanced colon carcinomas, i.e., the acquisition of enhanced survival and increased angiogenic potentials, both constituting critical determinants of colon cancer progression. The use of rapid and quantitative chick embryo models might provide alternative approaches to conventional mammalian model systems for screening anti-cancer agents.
Introduction
Colon cancer is one of the most prevalent malignancies worldwide. Many patients with colon cancer are diagnosed with advanced disease and 40-50% of patients will develop local or distant tumor recurrences [1] . Capacity to colonize distant organs is critical for the development of overt metastases by highly aggressive colon carcinoma cells [2] . The development of novel approaches and application of alternative metastasis models is required to study of the molecular events involved in colonization of target organs by tumor cells, the last step in the metastatic cascade.
The growth of primary colon adenocarcinomas as well as formation of distant metastases in advanced disease depends on tumor-induced angiogenesis [3] [4] [5] [6] [7] [8] . Individual molecules associated with colon cancer progression and angiogenesis, such as vascular endothelial growth factor (VEGF), have become both prognostic indicators and therapeutic targets for colon carcinoma patients [9, 10] . Serum concentrations of VEGF are 6.5-fold higher in colon carcinoma patients as compared to healthy individuals, and high serum level of VEGF serves as a factor strongly associated with reduced overall survival and disease-free survival [11, 12] . Correspondingly, when placed on regimens that include bevacizumab, a humanized monoclonal antibody against VEGF, patients with advanced colon carcinoma exhibit an increased median survival as compared to those undergoing conventional chemotherapeutic treatment [1, [13] [14] [15] [16] .
The majority of animal model systems to study colon cancer metastasis involve the use of immunocompromised mice and rats for i.v. inoculations and hetero-or orthotopic implantations of human tumor cells [2, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Being naturally immunodeficient, the chick embryo represents an alternative model system to analyze several aspects of tumor biology. The spontaneous metastasis chick embryo model, based on the grafting of human tumor cells on the chorioallantoic membrane (CAM), has provided valuable information regarding key processes involved in human tumor progression, such as tumorigenesis and tumor cell intravasation [29] [30] [31] [32] [33] [34] [35] [36] [37] . The chick embryo has been used also in experimental metastasis studies, providing comprehensive information about metastatic events occurring after intravasation of tumor cells, i.e., survival of tumor cells in the circulation, their arrest in the vasculature, extravasation, and proliferation in the stroma [38] [39] [40] [41] [42] . In addition, a modification of J. Folkman's CAM angiogenesis assay [43] , allowing for a quantitative analysis of angiogenic potential of human tumor cells in the chick embryo [44] [45] [46] , has also provided an in vivo model to study the role of neovascularization in malignant progression.
Taking advantage of the multiple strengths of the chicken embryo model systems, we employed spontaneous metastasis, experimental metastasis, and angiogenesis models to evaluate progression of colon cancer by comparing colon carcinoma cell lines with different metastatic potentials. We analyzed the fate of the non-metastatic cell line, SW480, derived from a primary adenocarcinoma, versus that of the highly metastatic cell line, SW620, derived from a lymph node metastasis of the same patient after widespread dissemination of the recurred cancer [47] . These isogenic colon carcinoma cells have been extensively employed in vitro [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] and also in rodent models in vivo [19, 21, 24, 27, 52, 59, 60] . High tumorigenic and metastatic potentials of SW620 cells as compared to nonmetastatic SW480 cells demonstrated in xenotransplantation experiments have indicated that this pair of cell lines represents an appropriate model for studying colon cancer progression. The relevance of the SW480/SW620 comparative analysis to study late events in colon carcinogenesis is also highlighted by the fact that metastatic SW620 carcinoma cells over-express VEGF [48] , one of the factors strongly associated with poor clinical prognosis [9, 10] .
In this study, we demonstrated that during experimental metastasis in chick embryos, the two carcinoma cell variants arrested equally well in the CAM vasculature soon after i.v., injection. However, only SW620 cells survived and increased in numbers as determined by quantitative real-time Alu PCR. These initial observations were confirmed by detailed immunohistochemical and live cell imaging studies, which indicated that individual SW620 cells generated multicellular foci associated closely with small blood vessels and capillaries, thereby suggesting tumor-vascular interactions. The high angiogenic potential of SW620 cells was demonstrated in a quantitative angiogenic CAM assay. The importance of interactions between metastatic colon carcinoma cells and blood vessels during metastatic colonization was further indicated by the inhibition of SW620 colonization with a function-blocking anti-human VEGF antibody. Thus, in two quantitative chicken embryo models, the metastatic SW620 variant, but not its non-metastatic SW480 counterpart, exhibited enhanced survival, proliferation and VEGF-mediated angiogenesis, all of which are critical features characteristic of advanced colon carcinoma. Therefore, the chick embryo metastasis and angiogenesis model systems could provide valuable tools for rapid and quantitative screening of novel therapeutics that target colon carcinoma metastatic outgrowth.
Materials and methods
Cell lines and culture conditions SW480 and SW620 colon carcinoma cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA). High disseminating HT-1080 human fibrosarcoma cells (HT-hi/diss) were generated as described [32] . Cells were cultured in Dulbecco's MEM (DMEM; Life Technologies, Inc., Gaithersburg, MD) supplemented with 10% fetal calf serum (HyClone, Logan, UT). Cell cultures were maintained at 37°C in a mixture of air and 5% CO 2 and passaged at confluence.
Chick embryo spontaneous metastasis model
All experiments involving the use of animals were performed in accordance with the protocols approved by the Scripps Research Institute's Animal Care and Use Committee. Chick embryo spontaneous metastasis assays were performed essentially as described [32] . Fertilized White Leghorn eggs (SPAFAS, North Franklin, CT) were incubated for in a rotary incubator at 38°C and 60-70% humidity. On day 10 of incubation, the top portion of the CAM was lowered, and 0.25-5 9 10 6 tumor cells were inoculated in 25 ll of serum-free DMEM onto the CAM through the small window in the eggshell. The windows were sealed and the eggs were returned to a stationary incubator. At day 7, primary tumors were excised and weighted and portions of distal CAM, liver, lungs and spleen were harvested and analyzed by quantitative Alu PCR to determine the number of human cells intravasated to the CAM and metastasized to the internal organs.
Chick embryo experimental metastasis model Cultured cells were detached by brief trypsinization, washed, and resuspended in PBS. A total of 1 or 1.5 9 10 5 cells in 0.1 ml were injected into the allantoic vein of 12-day-old embryos. Where indicated, goat anti-human VEGF antibody or control goat IgG (both from R&D Systems, Minneapolis, MN) were injected i.v., at 50 lg per embryo 24 and 72 h after injection of SW620 cells. Following injections, the eggs were returned to a stationary incubator. At different time points indicated in the text, the liver, lungs and spleen, and portions of the CAM distant to the site of injection, were harvested and analyzed by quantitative Alu PCR for the relative numbers of human cells in the chick embryo tissues.
Real-time PCR for quantitative detection of human tumor cells
The number of human cells within chick embryo tissues was determined by quantitative PCR amplifying Alu repeats (Alu qPCR), which are uniquely present in a primate genome and lacked in the chicken DNA. The Alu qPCR was performed essentially as described [32] . Briefly, genomic DNA was extracted from harvested tissues using the Puregene kit (Genta Systems, Minneapolis, MN). Human Alu sequences were amplified by qPCR using 60 ng of genomic DNA as template in a 10 ll reaction, containing 2 mM MgCl 2 , 200 lM DNTP, 0. Live cell imaging SW480 and SW620 cells were labeled with 2 lM green CellTracker CMFDA (Molecular Probes) and injected i.v., at 1 9 10 5 cells per embryo. To highlight vasculature, the embryos were injected with 50 lg of rhodamine-conjugated Lens culinaris agglutinin (LCA, Vector). At indicated time points, the embryos were sacrificed and the CAM was stretched on glass slides, and examined in a Carl Zeiss Axio Imager.M1m microscope. Digital images were taken with Axiovision Rel. 4.6 software (Carl Zeiss MicroImaging GmbH) and processed with CS3 Adobe Photoshop software.
CAM angiogenesis assay CAM angiogenesis assays were performed using shell-free 10-day-old chick embryos essentially as described [46] . At day 3 of incubation, the contents of the eggs were transferred to sterile plastic weigh boats, covered with square Petri dishes, and placed into a stationary incubator at 38°C with 85% humidity for an additional 7 days. To prepare collagen for the angiogenesis assay, eight volumes of nonpepsin-treated, type I rat tail collagen (BD Biosciences, Franklin Lakes, NJ) were neutralized with 1 volume of 109 MEM and 1 volume of 0.15 M NaOH. Human tumor cells were added in serum-free DMEM at 3 9 10 4 cells per 30 ll of collagen mixture with a final concentration of collagen at 2.1 mg/ml and 0.25 mM HEPES buffer (pH 7.4). Where indicated, the anti-VEGF antibody was added to the tumor cell-collagen mixture at a final concentration of 25 lg/ml. To assemble collagen grafts, 30 ll of the final collagen mixture was placed atop two layers of nylon mesh (Tetko, Kansas City, MO) and allowed to polymerize at 37°C for 20-30 min, making so called ''onplants''. Solidified collagen onplants were grafted on top of the CAM of day-10 chick embryos incubated ex ovo. The angiogenic, newly-formed blood vessels were scored within the grids of the top mesh at 65-84 h using a stereomicroscope. Data are presented as an angiogenic index, i.e., a ratio of the number of grids containing angiogenic blood vessels over the total number of grids scored.
Data analysis and presentation
Data processing and statistical analysis were performed with GraphPad Prism software (GraphPad Software, Inc., San Diego, CA). The total number of samples is indicated in the text or figure legends. The data are presented as bar graphs or scattergrams depicting means ± SEM or medians from a representative experiment or from normalized data of pooled experiments. Two-tailed Student's t test for P \ 0.05 was used to compare significance of differences between the experimental groups.
Results

SW480 and SW620 carcinoma cells in the spontaneous metastasis chick embryo model
The chick embryo has been successfully used as a host to study tumor cell intravasation and dissemination of different types of human carcinomas, including breast [36] , prostate [61] , cervical [62] and epidermoid [29, 35, 37] carcinomas. Therefore, we verified whether SW480 and SW620 colon carcinoma cells would form primary tumors and spontaneously metastasize in the chick embryo model by grafting the cells on the CAM of day 10 embryos. A highly disseminating variant of human fibrosarcoma HT-1080, HT-hi/diss, previously shown to generate primary tumors and efficiently intravasate into the CAM vasculature [32] , was used as a positive control. Within 7 days, 2.5 9 10 5 HT-hi/diss cells formed sizable primary tumors with an average weight of *500 mg. However, both SW480 and SW620 carcinomas grafted even at 5 9 10 6 cells per embryo generated fivefold smaller tumors (Fig. 1a) . On day 7, HT-hi/diss cells were readily detectable in the distal CAM by Alu qPCR, confirming their high levels of spontaneous dissemination, whereas negligible, background numbers of colon carcinoma cells were identified in the distal CAM (Fig. 1b) . Similarly, almost no colon carcinoma cells were detected in the internal organs, including liver, lungs, and spleen (data not shown). Therefore, despite overall ability to generate primary tumors on the CAM, both SW480 and SW620 colon carcinomas are apparently inefficient in spontaneous metastasis in the chick embryo model. However, this is not surprising, because of the short term of the spontaneous dissemination assay in the chick embryo (5-9 days) in contrast to much longer time (several weeks) required for colon carcinoma cells to spontaneously metastasize in the rodent models.
Experimental metastasis of SW480 and SW620 carcinoma cells in the chick embryo
We next analyzed the capacity of SW620 and SW480 cells to colonize various organs of chick embryos in the experimental metastasis model. Equal numbers of SW480 and SW620 cells (1 9 10 5 cells per embryo) were injected into the allantoic vein of 12-day-old embryos. Following additional 7 day incubation, portions of the CAM most distant from the site of inoculation, and the internal organs, including liver, spleen, and lungs, were harvested and analyzed by Alu qPCR to determine numbers of human cells within the host tissues. In six independent experiments, SW620 cells demonstrated significantly higher efficiency of CAM colonization compared to SW480 cells (Fig. 1c) . The mean number of SW620 cells detected per 10 6 cells of the CAM tissue was approximately 17-fold higher (P \ 0.0001) than that for SW480 cells and comparable to that for HT-hi/diss cells. These findings demonstrate that only metastatic SW620 colon carcinoma cells efficiently colonize the CAM tissue of the chick embryo, while its non-metastatic SW480 counterpart is essentially deficient in CAM colonization.
Consistent with the very low levels of CAM colonization by SW480 cells, very few human cells were detected in the internal organs of the embryos injected with SW480 cells (Table 1) . Colonization of internal embryo organs was very low (liver) or at background levels (lungs, spleen) also for SW620 cells (Table 1) . This colonization pattern is quite different from relatively high levels exhibited by human HT-1080 fibrosarcoma in experimental metastasis. These results suggested that CAM tissue might provide a microenvironment uniquely suitable for initial arrest and subsequent proliferation of aggressive colon carcinoma cells, which likely reflects that the CAM in the embryo is a functional analogue of the lung in the adult animal serving as a major repository of i.v. inoculated tumor cells.
Kinetic analysis of SW480 and SW620 experimental metastasis
To gain insight into the fate of SW480 and SW620 cells in the CAM and internal organs, quantitative kinetic studies of CAM and liver colonization were performed following their inoculation into allantoic vein (Fig. 2) . Analysis by Alu qPCR indicated that 2 h after i.v. injection both cell types were arrested in the CAM vasculature with a comparable efficiency. However, by 24 h following inoculation, the number of SW480 cells dropped almost 90%; the cells became practically undetectable at day 3 and did not increase significantly in numbers by the end of experiments. In contrast, SW620 cells appeared to begin proliferating after a lag-period and exponentially increased in numbers between day 3 and day 9 (Fig. 2a) .
To determine the time-frame of SW480 disappearance from the CAM, we performed a more detailed analysis. To 
The numbers of human cells per 1 9 10 6 chicken cells in the indicated organs were determined by Alu qPCR 5-7 days after i.v. inoculation of the cells. The data are means ± SEM. The number of analyzed embryos is indicated in parentheses. Significance (P value) of difference was calculated for HT-1080 cell data set versus sets for SW480 and SW620 cells chicken cells *** Fig. 1 a and b Metastatic potential of SW480 and SW620 colon carcinomas in the chick embryo spontaneous metastasis models. Colon carcinoma SW480 and SW620 cells (5 9 10 6 ) and fibrosarcoma HT-hi/diss cells (2.5 9 10 5 ) were grafted on the CAM of day 10 chick embryos. Seven days later, the primary CAM tumors were excised and weighed (a) and the distal portions of the CAM were analyzed by Alu qPCR to determine relative numbers of human cells within chicken background (b). The average weight of HT-hi/diss tumors was 479 ± 81 mg (n = 9), while SW480 and S620 cells generated tumors of 106 ± 9 mg (n = 12) and 167 ± 17 mg (n = 13), respectively. The average number of HT-1080 cells disseminated to the CAM was 1,197 ± 300 cells per 10 6 chicken cells, while SW480 cells and SW620 cells were detected at 7 ± 3 and 12 ± 3 per 10 6 chicken cells, respectively. Presented are cumulative data from three independent experiments employing from 9 to 13 embryos per cell variant. Statistical significance was determined in comparison with SW480 group. * P \ 0.005, ** P \ 0.001, and *** P \ 0.0001. c Metastatic potential of SW480 and SW620 colon carcinomas in the chick embryo experimental metastasis model. A total of 1 9 10 5 SW480, SW620 and HT-hi/diss cells were injected into the allantoic vein of day 12 chick embryos. Following 7 day incubation, the embryos were sacrificed and portions of the CAM were analyzed by Alu qPCR to determine the numbers of human cells that colonized the tissue. Data are presented as a cumulative scattergram from six independent experiments. The mean number of SW480 and SW620 cells colonized the CAM was 284 ± 117 (n = 49) and 4,791 ± 543 (n = 46), respectively. The mean number of HT-1080 cells constituted 4,505 ± 1,164 (n = 14). Lines represent mean number of human cells per 1 9 10 6 chicken cells. Statistical significance was determined in comparison with SW480 group. *** P \ 0.0001 c increase detection levels within the 48 h length of the experiment, chick embryos were injected i.v. with 1.5 9 10 5 SW480 cells instead of 1.0 9 10 5 cells. As seen in Fig. 2b , the numbers of SW480 cells arrested at 2 h steadily decreased and less than 10% of these cells were identified at 48 h. These results indicate that immediately following i.v. inoculation, both SW620 and SW480 colon carcinomas arrest with equal efficiency in the CAM vasculature. However, only the highly metastatic SW620 carcinoma variant is capable of surviving and subsequently proliferating in the CAM tissue after initial vascular arrest.
To analyze whether colon carcinoma cells efficiently arrested in the capillary system of internal organs, we performed a kinetic analysis of liver colonization by SW480 and SW620 cells (Fig. 2c) . The data clearly indicate that initial, 2 h colonization of the liver by both cell types cells was comparable to the levels of demonstrated for the CAM (Fig. 2a) . However, by 24 h less than 10% of initially arrested cells were identified in the liver, indicating rapid and dramatic tumor cell disappearance. Neither cell type regained their numbers by day 5 after cell inoculations. This kinetic analysis strengthened the notion that in the chick embryo, the CAM capillary system, which functions as the analog of adult lung vasculature, is the only tissue that allows for not only the initial arrest of circulating SW480 and SW620 colon carcinoma cells, but also for sustained proliferation of aggressive SW620 cells.
Immunohistochemical analysis of CAM colonization by SW620 and SW480 colon carcinoma cells
Immunohistochemical staining with anti-human pan-cytokeratin antibodies was undertaken in order to localize SW480 and SW620 carcinoma cells in the CAM tissue. Two hours after inoculation, individual SW480 and SW620 cells were identified consistently in the capillary plexus beneath the CAM ectoderm (Fig. 3 ). It appears that initially both cell types adhere equally well to the CAM endothelium and arrest in the CAM vasculature with the same efficiency. No substantial aggregate formation was observed in either of the colon carcinoma variants at that time point. Within the next 3 days, small multicellular foci, comprised of up to 8-16 cells, were formed in the capillary plexus of embryos injected with SW620 cells. In contrast, no SW480 cells were identified in the CAM tissue by immunohistochemistry, which is consistent with the very low levels of detection by Alu qPCR (Fig. 2a) . While SW480 cells were not visualized even at day 7, SW620 metastatic foci appeared to significantly increase in size after 3 days, suggesting extensive cell proliferation. Mitotic figures were frequently identified within SW620 cell congregates, which remained associated with the plexus capillaries and underlying mesodermal blood vessels. At days 7 and 9 after injection, SW620 foci appeared to be expanding into the CAM mesoderm, with individual carcinoma cells associated more loosely with each other, but still in close proximity to blood vessels. At this time point, 5 SW480 cells were injected into the allantoic vein of day 12 chick embryos. The data are from a representative experiment employing from 5 to 7 embryos per each time-point. At the time points indicated in the graphs, the embryos were sacrificed and the numbers of human cells that colonized the tissue were determined by Alu qPCR very rare SW480 cells were identified in the CAM tissue, but in only one out of three injected embryos (Fig. 3) . Therefore, our immunohistological studies reinforced the Alu qPCR kinetics and confirmed the high experimental metastasis levels of the aggressive SW620 carcinoma variant. In addition, the histology suggested the close and continuous relationships between the arrested SW620 cells and the CAM vasculature.
Live image analysis of CAM colonization by SW480 and SW620 cells
To gain information on physiological processes which are involved in the early events following tumor cell inoculation into the circulation and to highlight the differential in behavioral characteristics between SW480 and SW620 cells, we performed live image analysis of CAM Fig. 3 Immunohistological analysis of CAM colonization by SW480 and SW620 colon carcinoma cells. A total of 1 9 10 5 SW480 and SW620 cells were injected into allantoic vein of day 12 chick embryos. At the time points indicated in the figure panels, the embryos were sacrificed and portions of the CAM were processed for immunohistochemical analysis of human cells. Human cells were stained with anti-human pan-cytokeratin antibodies (brown staining) and the CAM tissue was counterstained with hematoxylin. While both SW480 cells (left panels) and SW620 cells (central and right panels) can be visualized 2 h after i.v. inoculation as individual cells arrested in the capillary plexus (arrowheads point to some of the capillaries in the plexus), only SW620 cells are readily detected after day 1 following injection. Rare SW480 cells were found at day 9 after cell inoculation, at which time large clusters of SW620 cells protrude into the CAM mesoderm. Note CAM blood vessels and capillaries in close vicinity of SW620 clusters (arrows) colonization. The cells were pre-labeled with green fluorescence dye, while the CAM vasculature was illuminated by red fluorescence lectin. Kinetic analysis of non-fixed CAM tissue was performed at different time points after SW480 and SW620 cells were injected into the allantoic vein of the chick embryo (Fig. 4) .
The CAM vasculature system consists of venous and arterial vessels inter-connected through the network of tiny capillaries called ectoderm plexus. Within 2 h, both SW480 and SW620 cells reached the tips of terminal arterioles of the CAM (Fig. 4, top panels) , although some cells were still found intravascularly (Fig. 4a, left bottom panel) . Most of the arrested cells appear round, but some of them were observed as actively extravasating into honeycomb-like extravascular spaces in the ectoderm capillary plexus (Fig. 4a, right panels) . No major differences in the overall appearance of SW480 and SW620 cells arrested in the CAM tissue were detected at this time point. However, by 24 h, the majority of SW480 cells have disappeared and only a very few cells could be found in the CAM (Fig. 4b , top panels). While these cells were found at some distance from the terminal capillaries, they were still round, not displaying signs of spreading or active movement in the CAM mesoderm (Fig. 4b, top panels) . In contrast, SW620 cells were abundant and found both distant from and nearby the terminal capillaries (Fig. 4b, bottom panels) . Some of the SW620 cells displayed migratory appearance and cells were frequently found in doublets, indicative of initiation of cell proliferation. Importantly, fragmented cells resembling apoptotic bodies were identified among SW480 cells, which suggested that these cells have undergone apoptosis (Fig. 4b, top right panel, arrow) . Unfortunately, the extremely limited numbers of SW480 cells identifiable at this time period did not allow for their detection with the available in vivo probes for apoptosis (such as FLIVO) and for statistical analysis of apoptotic events. Very rarely, some fragmented cells were found also among SW620 cells, the majority of which appear as just extravasated from the terminal capillaries (Fig. 4b, right bottom panel, arrow) . Although these fragmented cells might suggest some level of apoptosis, their very low numbers would indicate rather low levels of apoptosis for SW620 cells.
The overall appearance of rare SW480 cells identified by fluorescence did not change by 48 h following their inoculation (Fig. 4c, top panels) . The cells were still rounded and almost never found in doublets, indicating the lack of proliferation. In contrast, SW620 cells appeared actively proliferating since more cell doublets and also clusters of four cells were easily identified (Fig. 4c, bottom  panels) . In two more days, at the 96 h time point, SW620 cells could be found in clusters of 16 This kinetic analysis performed by live cell imaging allowed us to demonstrate that SW480 cells were as efficient as their metastatic counterpart in early survival in the circulation and initial arrest in the CAM vascular system. In addition, SW480 cells appeared to be similar to SW620 cells in their ability to extravasate into extravascular spaces of the capillary plexus, but their dramatic disappearance from the CAM tissue and an apparent lack of proliferation strongly suggested that SW480 cells have greatly diminished in vivo survival ability.
Angiogenic potential of colon carcinoma cell variants
The immunohistological findings and live cell image analysis suggested that survival and proliferation of SW620 colon carcinoma depended on interactions with the capillary endothelium and blood vessels of the CAM. To verify that the metastatic SW620 variant is more angiogenic than its non-metastatic SW480 counterpart, we compared the two cell types in the quantitative CAM angiogenesis model (Fig. 5a) . Approximately a twofold increase in angiogenesis was observed when SW620 cells were incorporated into collagen rafts as compared with control onplants containing no tumor cells (P \ 0.005). In parallel, the highly-disseminating HT-hi/diss cells also exhibited high angiogenic potential and induced angiogenesis at levels more than twofold over those observed in control (P \ 0.001). In contrast, SW480 cells failed to induce angiogenesis over background, consistent with their very low metastatic potential. Thus, the ability of metastatic SW620 colon carcinoma cells to induce angiogenesis in the CAM model (Fig. 5a ) positively correlated with their capacity to colonize the CAM tissue in experimental metastasis model (Figs. 1c, 2a) .
Since SW620 cells have previously been demonstrated to secrete more VEGF than SW480 cells [48] , we investigated whether higher levels of VEGF might be responsible for the differential in angiogenesis manifested by the two colon carcinoma cell lines. To this end, collagen onplants containing SW620 cells were additionally supplemented with function-blocking anti-VEGF antibody. As shown in Fig. 5a , anti-VEGF treatment completely abrogated SW620-induced angiogenesis, bringing the angiogenesis index to the level observed in SW480-containing onplants and control onplants containing no tumor cells.
Experimental metastasis of SW620 colon carcinoma cells is VEGF-dependent SW620-secreted VEGF may facilitate the cross-talk between tumor cells and endothelial cells, thereby enabling enhanced survival and ensuing proliferation of SW620 cells upon their arrest in the circulation during early phases of experimental metastasis. In order to analyze this hypothesis, chick embryos, which had been injected with SW620 cells, were treated with the function-blocking anti-human VEGF antibody (Fig. 5b) . Previously, this antibody, highly specific to human VEGF, has been shown not to affect normal CAM angiogenesis in the chick embryo [63] , thereby allowing us to address the specific role of tumor-derived VEGF in SW620 colonization. A total of 50 lg of anti-human VEGF antibody or normal IgG was administered i.v. on day 1 and 3 following i.v. inoculations of 1 9 10 5 SW620 cells. On day 6, Bars are 100 lm for 9100, 50 lm for 920, and 20 lm for 9400 magnifications SW620 colonization was analyzed by Alu qPCR. As shown in Fig. 5b , the level of SW620 colonization in the embryos treated with an anti-VEGF antibody was significantly reduced to *30% of control levels (P \ 0.05). Complementing our quantification of experimental metastasis by Alu qPCR, immunohistochemical analysis (illustrated in Fig. 5c ) indicated that anti-VEGF treatment caused a 2.5-fold (P \ 0.005) decrease in the relative number of SW620 metastatic foci (Fig. 5d, top) . In addition, anti-VEGF treatment significantly reduced the density of CAM blood vessels, adjacent to metastatic foci (Fig. 5d, bottom) . Thus, SW620 colonization of the CAM appears to be VEGFdependent, supporting the notion that survival and initial proliferation of circulating carcinoma cells after their arrest in the capillary network involve specific tumor cell-endothelial cell interactions.
Discussion
In order to complement current rodent models employed for screening of therapeutic compounds and target Number of vessels per square *** molecules, we have evaluated whether chick embryo model systems would suitably reflect high metastatic and angiogenic potentials of advanced colon carcinoma cells by comparing non-metastatic SW480 and metastatic SW620 isogenic variants in three independent model systems. Despite the capacity to form primary tumors, neither cell line exhibited the ability to spontaneously disseminate following grafting on the CAM of the chick embryo. While this finding may seem disappointing at first glance, it can actually reflect the general inability of colon carcinomas to spontaneously disseminate in the mouse subcutaneous metastasis model [17, 18] . It is generally accepted that human colon carcinomas do not metastasize unless they are implanted orthotopically into the cecum, which apparently provides colon cancer cells with a specific microenvironment required for their successful spontaneous metastasis to liver [2, 18, 19, 28, 64] . In addition, even after orthotopic implantation the establishment of spontaneous metastases require relatively long time periods (weeks or months), a requirement which cannot be met in the 5-9 day-long chick embryo assay.
Experimental metastasis models such as intrasplenicportal injections, which bypass early steps of the metastatic cascade, are often employed to study metastasis of aggressive human colon carcinoma cells [17, 18, 20, 27, 28, 65] . In this regard, SW480 and SW620 cells exhibited appropriate phenotypic and behavioral differentials in the chick embryo experimental metastasis model, consistent with their hierarchy in colon cancer progression demonstrated in different mammalian model systems [19, 21, 24, 59, 60] .
The capacity of highly aggressive SW620 colon carcinoma cells to survive days after their direct inoculation into circulation of the chick embryo is in agreement with a previously shown correlation between the enhanced resistance of SW620 cells to apoptosis and their metastatic aggressiveness [24] . Interestingly, the initial arrest of human colon carcinoma cells in the liver and lungs of immunodeficient rats was independent of their ability to colonize these target organs [26] . Accordingly, within 2-4 h after i.v. inoculation, SW480 and SW620 cells arrested in the CAM of the chick embryo with similar efficiency, indicating comparable abilities of both cell types to adhere to the CAM endothelium or underlying basal membrane. However, the majority of non-metastatic SW480 cells disappeared from the CAM within 48 h following injection, which correlates well with the low colonization efficiency of these colon carcinoma cells demonstrated in rodent models [19, 21, 59, 60] . Importantly, SW620 and SW480 cells have been shown to display similar adherence to major ECM proteins, including laminin, type I collagen and fibronectin [54] , thus making adhesion deficiency an unlikely cause of SW480 cell disappearance. More likely, the decline in numbers of SW480 cells could be attributed to their higher susceptibility to pro-apoptotic stimuli during or soon after extravasation. In this regard, SW480 cells exhibit higher levels of apoptosis mediated by CD95 (Fas/Apo-1), a receptor, the function of which is impaired in SW620 cells, making them resistant to the inducers of CD95-dependent apoptotic cell death [24, 49, 58] .
In the chick embryo, rare SW480 cells were capable of surviving in the CAM tissue and at later time points were identifiable by immunohistology and live cell imaging as sparse foci consisting of few tumor cells. These findings could reflect an intrinsic heterogeneity of the primary premalignant colon neoplasia, having potential to give rise to some aggressive, metastatic colon carcinomas [17] . While the great majority of SW480 colon carcinoma cells disappeared from the CAM, SW620 cells exponentially increased in numbers and generated large, multi-cellular metastatic foci extending into the underlying CAM mesoderm. Overall, the differential capacity of the two colon carcinoma variants to colonize the CAM of the chick embryo correlates well with their metastatic behavior observed in rodent model systems. These findings indicate that the chick embryo experimental metastasis model can accurately reflect both the survival ability and metastatic potential of human colon carcinomas and might be useful for probing the molecular/mechanistic aspects of colon carcinoma progression.
The survival and ensuing proliferation of tumor cells after their initial arrest in a subset of secondary organs are critical for the development of metastases [66] . These steps of metastatic progression depend on close interactions of tumor cells with the organ-specific microenvironment [67] . In contrast to the CAM, the liver, lungs or spleen of the embryo did not provide a supportive environment for proliferation of colon carcinoma SW620 cells despite their efficient original arrest at these intra-embryonal sites. The dense capillary network and/or increased blood circulation in the CAM as compared to internal organs [68] , could contribute to the preferential colonization of the CAM tissue by SW620 colon carcinoma cells. Interestingly, human tumor cell lines derived from other cancer types, e.g., fibrosarcoma [32] , cervical carcinoma [62] , and prostate carcinoma [61] efficiently colonize the chick embryo liver, lungs or brain following i.v. inoculation. It appears that the CAM capillary plexus, which functions as an analogue of the capillary system of adult lungs, provides an ideal environment for survival and eventual metastatic outgrowth of aggressive colon carcinoma cells arrested after their injection into the allantoic vein. Continuous proliferation of SW620 colon carcinoma cells was sustained by the CAM microenvironment for at least 7-9 days, resulting in *4-5 doublings of the initially arrested cell population. This is an important aspect of the chick embryo experimental metastasis model since colonization of the CAM might allow for studying the microenvironment-dependent events involved in colon carcinoma outgrowth.
Tumor dissemination and outgrowth, late steps in the metastatic progression, are dependent not only on angiogenic onset in the primary tumor, but also on close interactions with the vasculature and tumor-induced angiogenesis in secondary sites [66] . Accordingly, colon cancer progression has been strongly associated with the increased production of pro-angiogenic growth factors and cytokines such as VEGF [11, 12] and IL-8 [69] . In this regard, SW620 colon carcinoma cells have been shown to produce VEGF at levels much higher than those observed in SW480 cells [48] . Correspondingly, a differential in the angiogenic stimulation by conditioned media from SW480 and SW620 carcinoma cells was indicated in a cornea vascularization mouse model [70] . Reciprocal modulation of low levels of VEGF in SW480 cells by transfection with VEGF cDNA and treatment of SW620 cells with anti-sense VEGF, respectively, increased and decreased proliferation of endothelial cells induced in vitro by tumor cell conditioned medium [48] .
Consistent with higher levels of VEGF expression, SW620 colon carcinoma cells in our study induced high levels of VEGF-dependent angiogenesis in a quantitative chick embryo angiogenesis model [46] . The levels of angiogenesis stimulated by SW620 cells were comparable with the levels induced by highly angiogenic human HT-1080 fibrosarcoma [45] . As opposed to the majority of other CAM angiogenesis models, the assay employed in this study allows to discriminate between the true angiogenic blood vessels sprouting upward in collagen grafts versus pre-existing blood vessels converging to the source of pro-angiogenic stimuli [46] . It is important that in this model system SW480 cells did not induce angiogenesis over control levels, indicating the low angiogenic potential of this non-metastatic colon carcinoma variant. Therefore, yet another aspect of colon carcinoma progression, i.e., increased angiogenic potential of metastatic cells, was demonstrated using the chick embryo angiogenesis model.
Within the CAM tissue, exponentially growing SW620 cells appeared to retain close associations with blood vessels. This finding suggested the existence of mutually beneficial interactions between the aggressive colon carcinoma cells, producing pro-angiogenic factors, and the CAM vasculature, supplying the growing metastatic foci with oxygen, growth factors and metabolites. Chemotherapeutic regimens involving anti-VEGF antibodies have demonstrated efficacy in treatment of advanced colon carcinomas, mainly through the inhibition of angiogenesis at the primary tumor and metastatic sites [1, [13] [14] [15] [16] . In addition to specific anti-angiogenic effects, anti-VEGF antibodies also provide anti-tumor effects on colon carcinomas in xenograft models [20, 64] . In this study, we demonstrated that treatment with anti-VEGF antibody significantly suppressed colonization of SW620 cells in the chick embryo experimental metastasis model. Levels of experimental metastasis, analyzed by Alu qPCR and immunohistochemistry in the CAM tissue within 5 days after inoculation of SW620 cells, were substantially reduced by anti-VEGF treatment. These data are consistent also with the inhibitory effects of stable siRNA silencing of VEGF expression on experimental metastasis of SW620 cells in immunodeficient mice [65] .
In the chick embryo experimental metastasis model, the growth of metastatic foci per se might not critically depend on VEGF-induced angiogenesis since the CAM itself is a rich network of developing angiogenic vessels. The establishment of an individual metastatic focus may rather depend on initial survival of single cells after their arrest in the capillary system and their extravasation, requiring adequate VEGF-mediated signaling and interaction between tumor and endothelial cells. Interestingly, immunohistochemical analysis did not demonstrate that anti-VEGF antibody affected the relative number of cells per individual focus, suggesting that anti-VEGF treatment likely affected single tumor cells. In mouse model systems, anti-VEGF antibodies have been shown to reduce tumor growth, consistent with inhibition of colon carcinoma cell proliferation [20] . However, in vitro data indicate that both additions of exogenous VEGF or anti-VEGF functionblocking antibodies might not affect proliferation of colon carcinoma cells [20] , but rather increase their susceptibility to apoptosis [71] . These findings might explain why anti-VEGF treatment of embryos inoculated with SW620 cells reduced the number of metastatic foci rather than their size. In addition to these effects, our immunohistochemical analysis in anti-VEGF-treated embryos indicated a reduced number of blood vessels in close vicinity to SW620 metastatic foci. Although speculative, this observation could be also explained by reduced convergence of pre-existing blood vessel to the SW620 foci, in which VEGF has been blocked with function-blocking antibody. Therefore, reduction in both the density of blood vessels surrounding metastatic colonies and the density of metastatic foci observed in the chick embryo could be attributed to some of the mechanisms underlying anti-VEGF therapy in mammalian settings.
In summary, dramatic differences in survival, growth and angiogenic potentials between metastatic and primary colon carcinoma cells were validated in two independent chicken embryo models: The chick embryo experimental metastasis model accurately reflected high metastatic potential of aggressive colon carcinoma cells, while the chick embryo angiogenesis model demonstrated that metastatic colon carcinoma cells induced high levels of VEGFmediated angiogenesis. Thus, these quantitative chick embryo models might complement current rodent model systems and facilitate rapid, preliminary testing of potential new agents to aid molecular-based cancer therapy.
